Abstract: Frequency-quadrupled rectangular optical frequency comb (OFC) generation with Nyquist temporal waveforms using a dual-parallel Mach-Zehnder modulator (DP-MZM) and a remodulation structure is proposed. The remodulation structure is formed by a coupler, a photodiode, and an intensity modulator. Its function is similar to optical carrier suppression (OCS) modulation index amplifier, which can achieve the modulation index improve of approximately 77.9% in the OCS modulation. This result in no special modulation index is needed in the proposed scheme. By using a 4 GHz sinusoid signal, a 4-tones frequencyquadrupled OFC with sideband spacing of 16 GHz and flatness within 0.5 dB is experimentally generated. The temporal waveform is sinc-shaped Nyquist pulse with duty cycle 23% and the repetition rate is quadrupling that of the local oscillator frequency, which shows great potential in generating a cost-effective pulses. Moreover, being benefited from the filter-free structure, the high flexibility of the generated Nyquist pulse has also been demonstrated.
Introduction
Recently, optical frequency comb (OFC) with equal frequency interval, spectral intensity and a great many of comb lines has become a very attractive research aspect in microwave photonic [1] , [2] . It is desirable in applications such as microwave generation, optical frequency reference, arbitrary waveform generation, etc. [3] . Besides, ultra-flat OFC with a rectangular shape and a linear phase results in a sinc-shaped temporal waveform, also known as Nyquist pulse [4] . This kind of pulse is a promising candidate in optical time division multiplexing (OTDM), wavelength division multiplexing (WDM), terabit-class super channel and coherent detection [5] - [8] .
To generate a high-quality sinc-shaped Nyquist pulse, various approaches have been proposed. In electrical domain, the Nyquist pulses could be generated by using digital signal processing [9] , along with the cost of a limited electronic bandwidth. In optical domain, the Nyquist pulses could be generated through performing pulse-shaping [4] or optical parametric amplification [10] , but these schemes may suffer from either high cost or complexity. As an improvement, Mach-Zehnder modulators (MZMs) or dual-parallel Mach-Zehnder modulators (DP-MZMs) were demonstrated to provide low-cost Nyquist pulses with rectangular OFCs conveniently [11] , [12] . However, the repetition rates of generated Nyquist pulses were just equal to the local oscillator (LO) frequency, which may cost a lot in high-speed system.
In this work, we propose and experimentally demonstrate a Nyquist pulse generator scheme with frequency-quadrupled rectangular OFC using a dual-parallel Mach-Zehnder modulator (DP-MZM) based on a remodulation structure. A 4-tones frequency-quadrupled OFC with sideband spacing of 16 GHz and flatness within 0.5 dB is experimentally generated with a 4 GHz sinusoid signal. The temporal waveform of OFC is sinc-shaped Nyquist pulse with duty cycle of 23% and repetition rate of 16 GHz, which is quadrupling that of the LO frequency. Moreover, by adjusting the frequency of LO from 0 to 6.25 GHz, the repetition rate of generated Nyquist pulse exhibits a continuous linear variation, with a maximum speed of 25 GHz. Compared to the recently reported schemes, our work gets rid of the special modulation index and limited filter, obtains the high-speed signals using lower-speed components, effectively increases the system flexibility while simultaneously decreases the system complexity and cost.
Structure and Principle
The schematic diagram of the proposal is shown in Fig. 1 . A CW laser with angular frequency of ω 0 , which is modulated by a sinusoidal signal generated from a LO with angular frequency ω, exploiting a dual-parallel Mach-Zehnder modulator (DP-MAM) to realize an optical signal with frequency-quadrupled modulation sidebands.Here, the two sub-MZMs (MZ_a and MZ_b) are biased at maximum transmission point, the electrical driving signals sent into MZ_a and MZ_b are V a (t) = V m (t)cos(ωt) and V b (t) = V m (t)cos(ωt + π/2), respectively. Moreover, the main modulator (MZ_c) is biased at the minimum transmission point to provide an additional π phase shift. The optical field at point B in Fig. 1 can be expressed as
where J n denotes the Bessel function of the first kind of order n. The modulation index (MI) m = π · V m /2V π is dependent on the magnitude of driving signal and the half wave voltage (V π ) of DP-MZM. At present, with a commonly used commercial DP-MZM to directly achieve a frequencyquadrupled rectangular OFC is challengeable. As shown at the point C in Fig. 2 , it requires the power ratio ( P) between J 2 and J 6 order optical sidebands equals to 0 dB. This means that when the modulator operates in the optical carrier suppressed (OCS) modulation, the MI of modulator should be set at a target value of 1.53π, causing increasing requirements for the output power of LO and the manufacturing process of modulator.
In this work, the high MI is not necessary, instead only a MI of 0.86π is required, as shown at points A and B in , respectively. Thus, optical sidebands with an order higher than J 6 can be neglected without significant errors, so the optical field can be simplified to
There are only two strong J 2 order and two weak J 6 order optical sidebands existing. The power ratio between J 2 and J 6 order optical sidebands is 36.99 dB.
Then the generated optical signal is sent into a remodulation structure. It is formed by a coupler, a photodiode (PD) and an Intensity modulator (IM). Firstly, a 1 × 2 coupler with coupling ratio of 50:50 is used to split the E b into two paths, the optical fields at points C and D in Fig. 1 can be expressed as
One of them is detected by a PD and the other is modulated by an IM. Following the square-law detection with responsively the photocurrent can be expressed as
Since the values of J 2 (m) and J 6 (m) are 0.471 and 0.006, respectively, so the J 6 (m) term can be dropped without causing significant errors and the photocurrent can be further simplified as Then the generated photocurrent is used as a driving signal to drive the IM. With proper modulation index α, the final optical field after the MIA at point F in Fig. 1 can be expressed as
The power ratio between J 2 and J 6 order optical sidebands can be calculated as
The power ratio curves are shown in Fig. 3 . As shown in the figure, by increasing α from 0.17π to 0.29π, the power ratio can be continuously decreased from 37 dB to 0 dB (blue line). The J 6 order optical sidebands are effectively excited. This is basically in consistent with the power ratio changes caused by the increasing m (green line). These two cures indicate that the function of the remodulation structure is similar to that of an OCS modulation index amplifier (MIA), which can achieve an improvement of approximately 77.9%(from 0.86π to 1.53π) of MI of a DP-MZM operating in the OCS modulation, so that the frequency-quadrupled rectangular OFC can be generated. Moreover, when the P equals to 0 dB, the MI of IM is only 0.29π, which means there is no stringent requirement for an intensity modulator. In the meantime, the commercial PD and IM are relatively cheaper and much easier than the direct implementation of boosting MI to 1.53π of a DP-MZM.
Experimental Details
To verify the proposed scheme, experiments are conducted. The setup can be found in Fig. 4(a) . A CW laser is employed as optical source. It works at a central wavelength of 1550.10 nm and power of 7 dBm. A commercial DP-MZM (Fujitsu FTM7962EP) is employed to realize an optical signal with frequency-quadrupled modulation sidebands. The half-wave voltage of DC is around 12 V and the extinction ratio of modulator is around 25 dB, which means the impact of bias drift effect is very limited and the center carrier cannot be fully suppressed. The LO is CETC41 AV1464, which can generate a 4 GHz sinusoid signal as the driving signal. Since the two sub-MZMs are biased at maximum transmission point and the main modulator is biased at the minimum transmission point, by adjusting the modulation index m to the 0.86π, the measured optical spectrum, shown in Fig. 4(b) , can be obtained by an optical spectrum analyzer (OSA, Ando AQ6317C). In Fig. 4(b) , the generated frequency-quadrupled signal (red line) agrees well with (2) . The optical carrier suppression ratio (OCSR) is 22.09 dB. The power ratio between J 2 (m) and J 6 (m) order optical sidebands is 36.99 dB and no significant bias drift is observed.
Then the optical signal is split into two paths by a coupler, the Fig. 5(a) plots the experimentally measured optical spectrum before (blue line) and after (red line) the coupler, the power difference is 2.58 dB. After the coupler, one path of optical field is sent into the PD (KG-PD) for photoelectric conversion, the generated electrical signal is caught by an electrical spectrum analyzer (Agilent N9010A) as shown in Fig. 5(b) . The experimental result shows that a pure 16 GHz (4ω) microwave signal is generated, which can be used as driving signal to drive the IM. The electrical spurious suppression ratio (ESSR) of the generated 4ω microwave signal is more than 30 dB. The other path is modulated by the IM, by adjusting the MI (α) equals to 0.29 π, the final optical signal is shown in Fig. 6(a) .
The measured optical spectrum shows that there are four optical sidebands with 4ω frequency interval, which form a 4-tones frequency-quadrupled rectangular OFC. The power ratio between J 2 and J 6 order optical sidebands is 0 dB, the spectral flatness is 0.5 dB and the OCSR of generated optical signal is more than 20 dB. Very good agreement has been found between the measured optical spectrum and the simulated one [ Fig. 6(b) ] by using a DP-MZM with modulation index of 1.53π. The above experiment results prove that the remodulation structure used in our work can effectively excite the higher order optical sidebands in the OCS modulation, which is equivalent to substantially increase (77.9%) the modulation efficiency of DP-MZM. As to the unwanted mode suppression ratio (UMSR), it is not fully suppressed (12.4 dB), which is due to the extinction ratio of DP-MZM. Since the harmonic sidebands cannot be fully suppressed, after the remodulation, they will have an adverse effect on the UMSR of the final optical signal. Fig.6(c) presents the corresponding temporal waveform of the OFC. It can be well fitted by sincfunction (green open cycles) with 23% duty cycle. The width at half maximum (FWHM) is 14.4 ps and the repetition rate (RR) is 16 GHz, which is four times higher than the LO frequency. This indicates that the high-speed signals can be obtained by using lower-speed components, which will decrease the system cost and complexity. Moreover, as no filter exist in the structure, the frequency spacing of OFC is not limited and is tunable within bandwidth of the IM. This means the repetition rate of the generated Nyquist waveform can be flexibly adjusted according to the frequency of the LO as shown in Fig. 7 . Fig. 7 depicts the repetition rate changes of generated Nyquist pulse by tuning the frequency of LO from 0 to 6.25 GHz. It exhibits a continuous linear variation, with a maximum speed of 25 GHz. Insets are the corresponding waveforms when the LO is operating at 1.25 GHz, 2.5 GHz, 3.25 GHz, 5 GHz and 6.25 GHz, respectively. The FWHM of these pulses is 44.53 ps, 22.82 ps, 14.97 ps, 11.31 ps and 9.02 ps, indicating a high pulse flexibility.
Conclusion
In conclusion, we have proposed and experimentally demonstrated the generation of Nyquist pulses using a 4-tones frequency-quadrupled rectangular OFC. It has three advantages. (1) This method needs no special modulation index. Normally, it only requires some cheap commercial devices, which makes the architecture easy to implement. (2) A remodulation structure has been proved that it can be used as an OCS modulation index amplifier, which can approximately improve 77.9% of the MI of a DP-MZM operating in the OCS modulation. (3) 0-25 GHz Nyquist pulses with duty cycle of 23% are generated, the repetition rate is quadrupling the LO frequency, which makes highspeed signals conveniently obtained by using lower-speed components and the performances at different LO frequencies are also investigated to achieve Nyquist pulses with high-flexibility. Limited by the experimental conditions, the experiments were carried out to generate the OFC using a 4 GHz sinusoidal signal and the time domain results can only be accomplished by simulation.
In addition, the disadvantage of this prototype is that the UMSR of generated optical signal is not fully suppressed, which is caused by the extinction ratio of DP-MZM. To solve this problem, a DP-MZM with higher extinction ratio is preferred. Moreover, if a more concise system is required, it would be helpful to replace the PD structure with a RF frequency multiplier.
